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We investigated changes in iodine (129I) solubility and speciation in nine soils with contrasting properties (pH, Fe/Mn oxi-
des, organic carbon and iodine contents), incubated for nine months at 10 and 20 C. The rate of 129I sorption was greater in
soils with large organic carbon contents (%SOC), low pH and at higher temperatures. Loss of iodide (I) from solution was
extremely rapid, apparently reaching completion over minutes–hours; iodate (IO3 ) loss from solution was slower, typically
occurring over hours–days. In all soils an apparently instantaneous sorption reaction was followed by a slower sorption pro-
cess for IO3 . For iodide a faster overall reaction meant that discrimination between the two processes was less clear. Instan-
taneous sorption of IO3 was greater in soils with high Fe/Mn oxide content, low pH and low SOC content, whereas the rate of
time-dependent sorption was greatest in soils with higher SOC contents. Phosphate extraction (0.15 M KH2PO4) of soils,
100 h after 129I spike addition, indicated that concentrations of sorbed inorganic iodine (129I) were very low in all soils sug-
gesting that inorganic iodine adsorption onto oxide phases has little impact on the rate of iodine assimilation into humus.
Transformation of dissolved inorganic 129IO3 and
129I to sorbed organic forms was modelled using a range of reaction-
and diﬀusion-based approaches. Irreversible and reversible ﬁrst order kinetic models, and a spherical diﬀusion model, ade-
quately described the kinetics of both IO3 and I
 loss from the soil solution but required inclusion of a distribution coeﬃcient
(kd) to allow for instantaneous adsorption. A spherical diﬀusion model was also collectively parameterised for all the soils
studied by using pH, soil organic carbon concentration and combined Fe + Mn oxide content as determinants of the model
parameters (kd and D/r
2). The kinetic model parameters were not directly related to a single soil parameter; inclusion of pH,
SOC, oxide content and temperature was necessary to describe the observed behaviour. From the temperature-dependence of
the sorption data the activation energy (Ea) for
129IO3 transformation to organic forms was estimated to be 43 kJ mol1.
The Ea value was independent of %SOC and was consistent with a reaction mechanism slower than pore diﬀusion or physical
adsorption, but faster than most surface reactions.
 2011 Elsevier Ltd. Open access under CC BY license.1. INTRODUCTION
Iodine is an essential trace element for human and ani-
mal health. It is used by the thyroid gland in the production
of hormones which control a range of physiological pro-
cesses. Insuﬃcient thyroid hormone levels are associated
with a range of health issues including problems of growth0016-7037 2011 Elsevier Ltd.
doi:10.1016/j.gca.2011.10.034
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Open access under CC BY license.and development in children, and goitre in adults (Trotter,
1960; Underwood, 1977). Collectively, iodine deﬁciency dis-
eases (IDDs) are a serious worldwide health problem, esti-
mated to aﬀect 35% of the world’s population, and a
signiﬁcant social and economic stress on developing coun-
tries (WHO, 2004). Rocks contain little iodine and most soil
iodine is derived from volatilization of methylated forms
from seawater which then enters the soil–plant system via
rainfall and dry deposition. IDDs are prevalent in regions
where there is limited access to food that is naturally rich
in iodine (e.g. seafood) or iodised food products
458 W.H. Shetaya et al. /Geochimica et Cosmochimica Acta 77 (2012) 457–473(Underwood, 1977; Johnson et al., 2002). Availability of io-
dine in such regions depends largely on transfer from soil to
crops but local produce may not be able to supply the rec-
ommended daily intake of dietary iodine (Johnson, 2003).
There is therefore a need to increase understanding of io-
dine behaviour in soil, in particular how added iodine (in
rainfall or fertilizers) reacts with soil and the mechanisms
by which iodine becomes available to plants. Furthermore,
understanding the environmental behaviour of long lived
iodine isotopes (129I t½ = 1.6  107 y) is also essential to
the safety case for underground nuclear waste disposal;
ingestion of radioiodine released from weapons testing, nu-
clear power stations, medical or research facilities may in-
duce thyroid tumours or suppress thyroid function
(Furhmann et al., 1998; Bonhoure et al., 2002).
Iodine is found in nature in several valence states and in
a range of inorganic and organic forms including iodide
(I), iodate (IO3 ), elemental iodine (I2) and organic iodine
(Radlinger and Heumann, 1997; Schwehr and Santschi,
2003; Muramatsu et al., 2004; Gilfedder et al., 2007a,b;
Liu et al., 2007; Yang et al., 2007; Yoshida et al., 2007).
Its form depends partly on pH and the redox status of
the surrounding environment; thus iodide is reported as
the most prevalent form of iodine in river waters while io-
date is most common in the oceans (Smith and Butler,
1979; Abdel-Moati, 1999). In rainwater a mix of species
including iodate, iodide and organic iodine species have
been reported (Gilfedder et al., 2008). Inorganic iodine
forms may be retained in acidic soils by sorption on posi-
tively charged hydrous iron and aluminium oxides (White-
head, 1974a, 1978) and possibly up to pH 8 by speciﬁc
adsorption of iodate (Yoshida et al., 1992). However,
strong assimilation of iodine into soil organic matter has
been widely reported (e.g. Whitehead, 1973a; Francois,
1987a,b; Fukui et al., 1996; Sheppard et al., 1996; Yu
et al., 1996; Steinberg et al., 2008a,c; Dai et al., 2009) and
humus may constitute the primary reservoir of iodine in
most soils. The fate of inorganic iodine, and the mecha-
nisms governing its incorporation into organic matter, have
been the focus of a number of investigations. Reduction of
iodate by soil organic matter may precede conversion of
inorganic iodine into organic forms (Whitehead, 1974b;
Fukui et al., 1996). Steinberg et al. (2008b) conﬁrmed that
iodate heated with peat and lignin over a pH range of 3.5–9
was converted to organic iodine forms and iodide; Francois
(1987a) observed that the iodine content of humic sub-
stances increased following incubation with iodate for
5 days. In both cases it was shown that iodate was ﬁrst re-
duced to reactive intermediate products, I2 or HOI, which
then reacted rapidly with the organic matter. From a study
of reaction kinetics, Warner et al. (2000) concluded that
iodination of natural organic matter followed the same
mechanism as iodination of phenols, through reaction with
molecular iodine, I2. The same electrophilic substitution
mechanism was suggested by Reiller et al. (2006) in their
study of iodination of humic acids. Bichsel and von Gunten
(1999, 2000) also demonstrated that iodide can be oxidised
to HOI and thereby react with organic compounds (e.g.
substituted phenol and methyl carbonyl compounds) simi-
lar to natural humic matter. Yamaguchi et al. (2010)observed that iodine K-edge XANES spectra of soils spiked
with iodide and iodate were similar to organic iodine stan-
dard spectra after 60 days incubation. They also found that
iodide was fully transformed into organic forms after 1 day
of incubation in highly organic soils, and was fully trans-
formed in all soils after 60 days. By contrast, no measure-
able iodate transformation was observed after 1 day of
incubation and up to 50% of the added iodate remained
in the lower organic matter soils at 60 days. A comparison
of iodine LIII-Edge XANES and EXAFS spectra of iodin-
ated organic compounds with naturally iodated humic sub-
stances, extracted from a range of soil types, indicated that
organic iodine is primarily bonded to carbon in aromatic
rings (Schlegel et al., 2006).
Metal oxides and hydroxides (e.g. FeIII(OH)3, Al(OH)3,
MnIVO2) may play an important role in controlling iodine
behavior in soils, both through adsorption of inorganic io-
dine and oxidation of iodide. Ferric and aluminium oxides
adsorb iodate more strongly than iodide (e.g. Whitehead,
1974a; Kodama et al., 2006). Oxidation of I to I2 and then
to IO3 has been shown to be catalysed by d-MnO2 with IO

3
adsorbing on the d-MnO2 surface (Gallard et al., 2009). In
the presence of humic substances the oxidation to IO3 is
limited as I2 can react to form organic iodine (org-I) species,
especially at lower pH (Gallard et al., 2009).
In view of the importance of iodine sorption by soils in
regulating plant bio-availability and losses to drainage
water and also considering the current lack of information
regarding which soil factors govern reaction mechanisms
and rates, the aims of this investigation were to:
(i) measure the dynamics of iodide and iodate (129I)
transformation in soils, both in the solution and solid
phases, in order to increase our understanding of the
reaction process and rate;
(ii) account for the eﬀects of soil factors likely to inﬂu-
ence the adsorption and transformation of iodine
species, including temperature, pH value and concen-
trations of soil organic carbon (SOC), Fe/Mn oxides
and native iodine.
(iii) integrate the data from 129I incubation experiments
into a predictive model of iodate and iodide sorption
kinetics parameterised by soil properties.
2. MATERIALS AND METHODS
2.1. Soil sampling and preparation
Topsoil and subsoil were sampled from two areas in the
East Midlands of England, chosen to represent contrasting
land-uses, soil pH values and concentrations of Fe/Mn oxi-
des, organic matter, carbonate and iodine. Wick series (san-
dy loam) soil samples were taken from an arable ﬁeld, a
permanent grassland strip and adjacent mature deciduous
woodland (Grid Reference 524904800N–11408800W) on the
University of Nottingham farm, Sutton Bonington, Leices-
tershire (UK). Topsoil (0–20 cm depth) and subsoil (30–
50 cm depth) samples were taken from the arable and
woodland sites; only topsoil was sampled from the
Iodine dynamics in soils 459grassland as its associated subsoil was thought to be similar
to the arable subsoil. Iodine concentrations in these soils
were known to be low (2–4 mg kg1) from previous analy-
sis. Soils with higher iodine concentrations (c. 8–
12 mg kg1, Johnson et al., 2005) were sampled on the
Stoke Rochford Estate, Lincolnshire from the Elmton soil
series, described as shallow, well-drained brashy calcareous
ﬁne loamy soils developed over Jurassic limestone. Grass-
land and woodland topsoils (0–20 cm) were collected from
a valley with permanent grassland (525005300N–040’2600W)
and adjacent mature woodland (525005600N–04002200W);
these are Lithomorphic Rendzina soils over limestone and
thus have no associated subsoil. Arable topsoil (0–20 cm)
and subsoil (30–50 cm) samples were taken from a ﬁeld
nearby (525102500N–03805500W). Samples were collected
with clean stainless steel spades, augers and trowels and
sealed in plastic bags for transport. Soils were air dried until
they could be sieved to <4 mm but were not allowed to dry
completely so as to maintain microbial activity; they were
then kept unsealed in a cold room (at 10 C) prior to use,
to ensure they remained aerobic and to preserve remaining
moisture content. In addition, soil proﬁles at the Sutton
Bonington woodland and arable sites were sampled at
10 cm intervals down to 1.1 m using an auger to determine
the depth distribution of SOC and iodine.
2.2. Soil chemical properties
Approximately 250 g of each soil was air dried and
sieved (<2 mm) for analysis. Soil pH was measured using
a combined glass electrode after equilibrating 5 g of soil
in 12.5 mL of Milli-Q water (18.3 MX) for 30 min. Carbo-
nate content of soils was estimated by manometric assay
using a Collins calcimeter (Piper, 1954). Loss on ignition
(LOI) was determined gravimetrically after heating soil (c.
5 g) in a muﬄe furnace at 550 C for 16 h. Organic carbon
content was determined (Elementar VarioMax CN ana-
lyser) on samples of ﬁnely ground soil (agate ball mill, Rets-
ch Model PM400) after acidiﬁcation with HCl (50% v/v) to
remove inorganic carbon. The limit of quantiﬁcation re-
ported for a typical 300 mg sample is 0.18%. The dithionite
extraction method of Kostka and Luther (1994) was used to
determine reactive iron, aluminium, and manganese hy-
drous oxides; after reaction samples were centrifuged
(20 min at 3000g), ﬁltered (<0.22 lm) and supernatant solu-
tions retained for analysis. Total soil iodine was extracted
with tetra methyl ammonium hydroxide (TMAH) from ﬁ-
nely ground soil samples according to the method devel-
oped by Watts and Mitchell (2009).
Elemental concentrations were assayed using a Thermo-
Fisher ScientiﬁcX-SeriesII ICP-MS in standardmode (for io-
dine) and employing a ‘hexapole collision cell’ (7%H2 in He)
prior to the analytical quadrupole for Fe, Al, and Mn
analysis. Samples were introduced from an autosampler
(Cetac ASX-520 with 4  60-place sample racks) through a
concentric glass venturi nebuliser (Thermo-Fisher Scientiﬁc;
1 mL min1) and Peltier-cooled spray chamber (3 C).
Internal standards were introduced to the sample stream
via a T-piece and included 20 lg L1 In, 20 lg L1 Re, and
20 lg L1 Rh, prepared in a matrix of 2% TMAH and 4%methanol for iodine analysis and Sc (100 lg L1), Rh
(20 lg L1) and Ir (10 lg L1) in 2% ‘trace analysis grade’
(TAG) HNO3 for Fe, Al and Mn. An iodine stock standard
(1000 mg 127I L1) was prepared from oven-dried analytical
grade KI in a matrix of 5% TMAH and stored at 4 C;
dilutions of this stock were used for instrument calibration.
Multi-element calibration standards (Claritas-PPT grade
CLMS-2, Certiprep/Fisher), including Fe, Al and Mn, were
all diluted in 2% TAG HNO3 to provide a calibration range
of 0–100 lg L1. Sample processing was undertaken using
Plasmalab software (version 2.5.4; Thermo-Fisher Scientiﬁc)
using internal cross-calibration where required. Limits of
detection (LOD) were calculated from analysis of 16 blanks
(3  standard deviation of blanks) to be 1.26 lg L1
(0.008 mg kg1) for 127I and 0.34 lg L1 (0.002 mg kg1)
for 129I.
2.3. Soil Incubation
Samples of 129I, as sodium iodide solution (SRM 4949C,
0.004 mol L1 Na129I, 3451 Bq mL1), were obtained from
the American National Institute of Standards (NIST), Gai-
thersburg, Maryland, USA. Iodate (129IO3 ) was prepared
from 129I by oxidation using sodium chlorite as described
by Yntema and Fleming (1939). Soil samples for incubation
were prepared by mixing moist sieved soil (<4 mm) in a
food mixer with milli-Q water (controls) or an equivalent
volume of 129I or 129IO3 solution to give a ﬁnal
129I con-
centration of 0.15 mg kg1 (in dry soil). The water content
of the incubated soil was inevitably an arbitrary choice. The
total volume of solution added to each soil was simply
judged from the friability of the aggregated soil rather than
being based on a ﬁxed proportion of water holding capacity
or a speciﬁc soil moisture tension. Our priority was to
maintain moist but aerobic soils capable of free gas ex-
change and able to be sub-sampled for periodic analysis;
the ﬁnal water contents of the incubated soils are shown
in Table 1. Spiked soils were distributed between triplicate
500 mL Duran bottles (180 g dry wt of soil per replicate)
with a hole drilled in the lid to allow gas exchange, and
incubated in the dark at 10 or 20 C (±2 C). Moisture loss
was monitored regularly and restored when necessary by re-
mixing the soil in a food mixer with the required volume of
Milli-Q water before returning the soil to the microcosm
bottle and incubator.
2.4. Iodine extraction and analysis
After incubation for 114, 306, 810 and 3975 h, samples
(4.5 g) of moist soil were equilibrated with 20 mL of
0.01 M KNO3, followed by extraction with 0.15 M
KH2PO4 and then 10% TMAH, in 40 mL polycarbonate
centrifuge tubes. At each stage soil suspensions were shaken
for 16 h on a reciprocal shaker, centrifuged (25 min at
3500 rpm), and ﬁltered through 0.22 lm PTFE syringe ﬁl-
ters. Calculation of phosphate-extractable iodine accounted
for carry over from the previous KNO3 equilibration gravi-
metrically. To follow shorter term iodine dynamics (<72 h),
samples equivalent to 3.5 g dry soil were taken from con-
trol microcosms and equilibrated in centrifuge tubes with
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460 W.H. Shetaya et al. /Geochimica et Cosmochimica Acta 77 (2012) 457–47320 mL 0.01 M KNO3 spiked with
129I- or 129IO3
(0.15 mg kg1 of soil) and shaken for a known time before
centrifugation and ﬁltration. Nitrate and phosphate extract
solutions were analysed for dissolved organic carbon
(DOC), iodine species (127I, 127IO3 ,
129I-, and 129IO3 )
and total 127I and 129I concentrations. TMAH extracts were
analysed for total 127I and 129I only.
DOC was measured using a Shimadzu total organic car-
bon analyser (TOC-VCPH) with a non-dispersive infrared
detector in ‘non-purgeable organic carbon’ (NPOC) mode.
Carbon standards (1000 lg mL1 C) were prepared from
oven-dried potassium hydrogen phthalate in MilliQ water.
Iodine species 127I-, 127IO3 ,
129I-, and 129IO3 were assayed
by ICP-MS following in-line chromatographic separation
using a Dionex ICS-3000 ion chromatography system oper-
ated in isocratic mode with a Hamilton PRP-X100 anion
exchange column (250  4.6 mm; 5 lm particle size). The
mobile-phase (ﬂow rate 1.3 mL min1) was 60 mmol L1
NH4NO3, 1  105 mmol L1 Na2-EDTA, 2% methanol
with pH adjusted to 9.5 with TMAH. Sample processing
was undertaken using Plasmalab software with peaks of
individual species manually integrated. A correction for
129Xe on the 129I signal was applied by measuring 131Xe
and reﬁning the software correction factor, which is based
solely on the isotope ratio (129Xe/131Xe), to allow for mass
discrimination eﬀects. Stock standards of 127I and 127IO3
(1000 mg L1) were prepared from oven-dried analytical
grade potassium iodide or iodate in a matrix of 5% TMAH
and stored at 4 C. Mixed 127I and 127IO3 working stan-
dards were prepared from stocks before analysis using the
mobile-phase as diluent. Concentrations of 129I and
129IO3 were calculated from
127I and 127IO3 standard
curves, according to Eq. (1):
129Iconc ¼ 129ICPS  Kf127Isens ð1Þ
where, 129Iconc is
129I or 129IO3 concentration (lg L
1),
129ICPS is the total integrated counts per second of
129I
or 129IO3 , Kf is a measured mass correction factor (typi-
cally 1.085), 127Isens is
127I or 127IO3 sensitivity (counts
per second for a concentration of 1 lg L1). A standard
was repeatedly analysed, after every six samples, to correct
for instrumental drift. Changes in sensitivity between re-
peated standard analyses were applied by linear extrapola-
tion to the intervening samples. The limit of detection
(LOD) was deﬁned by the reproducibility of integration
to be 0.3 lg L1 (0.002 mg kg1).
2.5. 129I recovery
Approximately 4000 h after spiking with 129I or 129IO3
weighed samples of 3 g (wet weight) of soil were extracted
with 20 mL 10% TMAH at 70 C for 3 h, centrifuged at
3500 rpm for 25 min and ﬁltered. To ensure complete
recovery of iodine, the extraction was repeated three times,
followed by a further two washing steps using 20 mL of
Milli-Q water with shaking for 3 h. Filtered supernatant
solutions from each extraction step, including the two
washing steps, were accumulated in 100 mL volumetric
ﬂasks and made to the mark with milli-Q water. Total
Table 2
Equations used to model the transformation kinetics of 129I or 129IO3 .
Model Equation Reference
Irreversible ﬁrst order (IFO) It ¼ I0ekt (2) It is the concentration of 129I or
129IO3 in solution at time t (mg kg
1
soil), k is the reaction rate constant
(h1), t is time (h) and I0 is the total
concentration of 129I or 129IO3
at time t = 0. Itot is the total
concentration of 129I or 129IO3
(amount added, mg kg1 soil),
W is the soil mass (g),
V is the solution volume (mL)
and kd(0) is the apparent distribution
coeﬃcient of 129I
or 129IO3 at time t = 0
See e.g. Sparks (1989)
and
I0 ¼ Itot
1þ kdð0Þ WV
(3)
Reversible ﬁrst order (RFO) It ¼ It1ð1 kFÞ þ kRðI0  It1Þ (4) It-1 is the concentration of 129I or
129IO3 (mg kg
1 soil) in solution at
time t-1, and kF and kR are the
forward and reversible reaction rate
constants (h1), respectively.
Empirical
Elovich It ¼ I0  1b ln abþ
1
b
ln t
 
(5) a and b are constants See e.g. Chien and Clayton (1980)
Inﬁnite series exponential (ISE) It ¼ I0 t þ I
1
a
0
 a
(6) a is a constant See e.g. Sinaj et al. (1999)
Parabolic diﬀusion (Par-Diﬀn) It ¼ I0 1 RD
ﬃﬃ
t
p þ a  (7) RD is the overall diﬀusion coeﬃcient
and a is a constant
See e.g. Sparks (2003)
Spherical diﬀusion (Sph-Diﬀn) It ¼ I0 6p2
Xn¼1
n¼1
1
n2
exp n
2p2Dt
r2
  
(8) n is an integer, D is the intra-aggregate
diﬀusion coeﬃcient (m2 h1) and
r is the aggregate radius (m)
See e.g. Brown et al. (1971)
Io
d
in
e
d
yn
am
ics
in
so
ils
461
462 W.H. Shetaya et al. /Geochimica et Cosmochimica Acta 77 (2012) 457–473127I and 129I concentrations were then determined using
ICP-MS.
2.6. Modelling 129I and 129IO3 transformation kinetics
For each soil, the reduction in solution concentration (in
0.01 M KNO3) of
129IO3 and
129I as a function of time
was modeled using a range of kinetic expressions described
brieﬂy in Table 2. The ‘ﬁrst-order’ models assume that reac-
tion kinetics proceed either to an equilibrium position with
respect to dissolved IO3 or I
 (reversible; RFO model) or
to zero concentration of inorganic iodine (irreversible;
IFO model). In addition, to allow for initially instantaneous
adsorption, the models were tested with initial concentra-
tions of 129I or 129IO3 (I0) equal to (i) the total amount
of 129I added (i.e. 0.15 mg kg1 soil) or (ii) a concentration
determined by the application of a partition coeﬃcient (kd).
The addition of the coeﬃcient kd allows for instantaneous
adsorption of inorganic iodine, possibly on metal oxide
sites; the value of kd was optimised alongside the kinetic
parameters.
The empirical Elovich equation has been shown to de-
scribe the reaction kinetics of a wide range of inorganic
compounds with soils and soil components (Atkinson
et al., 1970; Chien and Clayton, 1980; Martin and Sparks,
1983). It is characterised by a greater ability to describe
kinetics over a wide range of timescales, in contrast to other
models, because it includes both a constant term which
eﬀectively describes instantaneous adsorption and an expo-
nential term. Echevarria et al. (1998) and Sinaj et al. (1999)
applied an equation based on an inﬁnite series of exponen-
tial terms to describe the progressive mixing of metal iso-
topes with the native soil metal pool – described here as
the ‘ISE’ model.
Where diﬀusion or transport-controlled processes are
the rate-limiting steps a parabolic diﬀusion expression
(Par-diﬀn model) has been used previously (Chute and
Quirk, 1967; Jardine and Sparks, 1984; Havlin et al.,
1985). Application of the spherical diﬀusion equation
(Sph-diﬀn model; e.g. Brown et al., 1971) assumes that
reactions are controlled by diﬀusion into uniform spherical0.00
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Fig. 1. Change in concentration of (a) iodate (129IO3 ), (b) iodide (
129I) a
soils ± standard error of mean) at 10 C as a function of time. Note logaggregates of adsorption surfaces (e.g. humic acid col-
loids). It has been applied successfully to describe diﬀu-
sion-controlled kinetics in minerals and soils (Cliﬀ et al.,
2002; Altfelder and Streck, 2006; Iznaga et al., 2007).
Altfelder and Streck (2006), investigating chlortoluron
sorption and desorption in soils, demonstrated the greater
consistency of the spherical diﬀusion approach over a ﬁrst
order kinetic equation when parameterised for short time
periods and applied to longer reaction times (days–
months). They found that the rate constants of the ﬁrst
order approach were strongly time dependent unlike the
diﬀusion approach. Thus predicting long-term behaviour
on the basis of parameters derived at a shorter timescale
using a ﬁrst-order approach can be problematic (Altfelder
and Streck, 2006).
All the models were optimised for individual soils by
minimising the residual standard deviation (RSD) between
modeled and experimental data, while systematically
changing the values of model parameters, using the ‘Solver’
function in the software package Excel 2007. In addition,
an attempt was made to ﬁt a single spherical diﬀusion mod-
el to all soils simultaneously by relating model parameters
to soil variables; this is described in Section 3.6.
3. RESULTS AND DISCUSSION
3.1. Soil characteristics
Measured soil characteristics are presented in Table 1.
Soils from Sutton Bonington (SB) were typically lower in
pH (4–7) and total iodine concentration (Itot =
2–4 mg kg1) than those from Stoke Rochford (ST)
(pH  7, Itot = 7.5–12 mg kg1). Woodland topsoils (SB-
WT, ST-WT) and the Stoke Rochford grassland soil (ST-
GT) had larger organic carbon contents (6–10%), and loss
on ignition (LOI), than the arable soils. Carbonate content
was greatest in soils from Stoke Rochford where the under-
lying geology is limestone. A value of 2.5% carbonate in the
SB arable topsoil (SB-AT) may reﬂect liming shortly before
sampling occurred. Iron and Mn oxide concentrations were
typically higher in soils from the ST site.0
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nd (a and b) soluble organic iodine in solution (averaged for all nine
10 time scale; lines are logarithmic ﬁts to the data.
Iodine dynamics in soils 4633.2. Equilibration in 0.01 M KNO3 solution
The progressive change in 129IO3 ,
129I, and soluble
129Iorg concentrations in solution, following equilibration
in 0.01 M KNO3, are shown, as an average for all nine soils
incubated at 10 C, in Fig. 1 and for individual soils in Elec-
tronic Annexes EA-1 and EA-2. Concentrations in solution
are expressed as mg kg1 soil to allow comparison between
diﬀerent soils, which were at varying moisture contents, and
with the initial iodine application. The general pattern
shown in Fig. 1 suggests an instantaneous loss of added io-
dine (0.15 mg kg1) from solution, and formation of organ-
ic iodine in solution, followed by a broadly exponential
decline in both soluble inorganic and organic iodine with
time (note log10 time scale). The large error bars (±standard
deviations) across the nine soils reﬂect the dependence of io-
dine dynamics on soil properties.
3.2.1. Total 129I
Decline in total 129I concentrations varied with soil type,
incubation temperature and the nature of the spiked species
(129I or 129IO3 ). Typically, sorption of
129I from solution
was fastest in soils at higher temperatures, and in those with
lower pH and higher organic carbon contents (see EA-1 &
2). Sorption was faster for iodide (129I) than for iodate
(129IO3 ) spiked soils;
129I was generally undetectable in
the solution phase within 100 h of spike addition (EA2)
whereas 129IO3 was still detectable in solution for most soils
at >300 h (at 10 C) (EA-1). Total 129I concentrations in
solution were always greater than those of the inorganic
129I species, indicating rapid transformation of 129I and
129IO3 to unknown forms of soluble
129I-org species
(Fig. 1). Concentrations of 129I-org species (calculated by
subtracting concentrations of inorganic species from total
iodine) also decreased with time but persisted longer than
the inorganic species resulting in an increasing proportion
of 129I-org species in the solution phase over time (Fig. 1,
EA-1, EA-2).
3.2.2. Iodate
An apparent instantaneous loss of 129IO3 from solution
occurred for all soils with measured concentrations below
0.15 mg kg1 in <1 h (EA-1), followed by slower, time-
dependant, sorption. Greatest initial 129IO3 adsorption
was observed in the low pH, low organic carbon content
soil (SB-WS, 69% at 10 C and 82% at 20 C). High iodate
adsorption was also observed in soil ST-GT (47% and 52%
at 10 C and 20 C, respectively) which had the highest
measured iron-oxide content. For the remaining soils, the
apparent adsorption at 1 h was 20–36% of the spike added.
The slowest time-dependent 129IO3 loss was observed in theElectrostatic 
Interaction
IO3-(aIO3-(ads)Chemisorption
I -(aq)I - (ads)
Mineral Surface
Fig. 2. Schematic diagram showing propoarable subsoil (SB-AS) which had a low organic content
and relatively high pH, with 7% of the 129IO3 spike still
detectable in solution after 3975 h at 10 C.
In the majority of soils 15–20% of 129IO3 was converted
to soluble 129I-org forms within 24 h, with this proportion
increasing over time. The rate of conversion of 129IO3 to
129I-org was greatest in the low pH, high organic matter soil
SB-WT where 60–80% of total 129I remaining in solution
after 48 h had been converted to organic iodine species
(EA-1). Within 800 h all 129IO3 added to grassland and
woodland soils had been sorbed or converted to soluble or-
ganic forms. By contrast, in arable subsoils after 800 h
>60% of the total 129I in solution remained as 129IO3 . Con-
version of inorganic to organic iodine was high where either
pH was low or organic matter content high, seen by com-
parison of soils SB-GT (moderately organic and slightly
acidic), ST-WT (highly organic and slightly alkaline), and
ST-GT (highly organic and slightly acidic) (EA-1 (g), (a)
and (d)). No evidence for 129IO3 reduction in solution to
129I was observed but this cannot be ruled out as concen-
trations of 129I may have been below detection limits
(<0.5 lg L1).
The rapid initial loss of 129IO3 , may be attributable to a
combination of volatilization, electrostatic sorption on
inorganic soil phases and rapid immobilization by reduc-
tion at sites on organic matter e.g. quinone groups. Volatil-
ization of 129I from solution is considered unlikely as such
losses have been shown to be small in previous studies
(e.g. Sheppard et al., 2004, 2006). Sorption of iodide and io-
date to oxide phases is weak at pH > 6 where sorption to
organic matter dominates (see e.g. Sheppard and Thibault,
1992 and references therein) but has been reported up to pH
9.6 (Yoshida et al., 1992; Kaplan et al., 2000). Below pH 6
iodate sorption is predominantly to iron and aluminium
oxides, with iron oxides becoming increasingly important
as pH drops (Whitehead, 1974b). Iodate is non-reactive to-
ward organic matter and studies have shown that it is re-
duced to electrophilic species such HOI or I2 before
incorporation into the organic structure of humus
(Francois, 1987a,b; Bichsel and von Gunten, 1999, 2000;
Radlinger and Heumann, 2000; Warner et al., 2000; Reiller
et al., 2006; Schlegel et al., 2006; Steinberg et al., 2008c).
The reduction of iodate has been shown to be faster under
acidic conditions (Brummer and Field, 1979); in soils,
humic substances can reduce iodate due to their electron-
donor characteristics (Wilson and Weber, 1979). In the
current study the time dependent loss of 129IO3 from solu-
tion was greater in the low pH soils than in high pH ones
where the organic carbon content was comparable (e.g.
SB-WT/ST-GT, 10.1% & 8.39% SOC and SB-WS/SB-AS
1.66% & 0.79% SOC) consistent with a mechanismOrg-I(aq)q) Intermediate(s)
I2(aq), HOI, ? Org-I(solid)
sed reaction paths of iodine in soils.
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ues as adsorption sites are not occupied by negatively
charged soil organic matter (Gallard et al., 2009). In soils
with similar pH the rate of 129IO3 loss from soil solution
was higher in those with greater organic carbon contents,
e.g. SB-WS (EA-1(i), 1.66% SOC) compared to SB-WT
(EA-1(h), 10.1% SOC) and SB-AS (EA-1(f), 0.79% SOC)
compared to SB-GT (EA-1(g), 2.44% SOC), demonstrating
the importance of organic carbon in reducing iodate to a
species (e.g. HOI, I2) whereby it can be converted into I-
org species in solution or in the solid phase. The complete
mechanism of each of these reactions (illustrated schemati-
cally in Fig. 2) cannot be fully elucidated as no attempt was
made to measure intermediate species in the reaction, how-
ever the rates of sorption and formation of soluble org-I are
both rapid (<1 h).
3.2.3. Iodide
The rate of conversion of iodide (129I) to 129I-org and
the loss of 129I from solution as a function of time was
greater for 129I than 129IO3 (Fig. 1). Whilst
129IO3 exhib-
ited instantaneous and then time-dependant sorption this
distinction was less clear for 129I as reactions were faster.
Highest rates of 129I loss from solution were observed in
woodland and grassland topsoils with high organic carbon
contents (ST-WT 5.93% SOC, ST-GT 8.39% SOC and SB-
WT 10.1% SOC) where no measurable concentration of
129I was observed after 2, 3 and 8 h respectively, at
10 C or 20 C. In the subsoils (ST-AS, SB-AS, SB-WS) to-
tal iodine concentration in solution remained close to spike
levels at 0.15 mg kg1 after 1 h but 20–30% of 129I had
been transformed to soluble 129I-org (EA-2). In general,
solution phase 129I concentration reduced most rapidly
at higher temperatures and in the Stoke Rochford (ST)
soils, with higher pH, carbonate, and Fe-oxide, compared
to soils with comparable land-use from Sutton Bonington
(SB). With soils sampled at the same location loss of
129I from solution was fastest in soils with higher organic
carbon contents.
No evidence for 129I oxidation to 129IO3 was observed
but formation of soluble 129I-org species was rapid and the
proportion of these species in solution increased over time.
Conversion of 129I to soluble 129I-org was most rapid in
soils with higher pH and organic matter contents (ST-WT
5.93% SOC and ST-GT 8.39% SOC) where 100% of iodine
in solution was 129I-org within 3 and 8 h respectively. In
soils with a lower pH value conversion to I-org was most
rapid in the woodland topsoil (SB-WT 10.1% SOC) taking
8–24 h and slowest in the woodland and arable subsoils
(SB-WS 1.66% SOC & SB-AS 0.79% SOC). In the wood-
land subsoil total conversion of 129I to 129I-org took
>300 h and in the arable subsoil 12% of the total 129I re-
mained as 129I after 810 h. Both soils had approximately
the same organic carbon and metal oxide content but pH
values were 3.9 for the woodland soil and 6.5 for the ara-
ble subsoil.
In order to interact with soil organic matter it has been
shown that iodide must be oxidised to an intermediate such
as I2 or HOI (Warner et al., 2000; Reiller et al., 2006;
Schlegel et al., 2006). Metal (Fe, Mn, Al) oxide phasesand soil organic matter are both possible oxidising agents.
Soil metal oxides have been shown to oxidise iodide in
amounts proportional to their concentration, and inversely
proportional to pH, in a reaction that is thermodynamically
favourable up to pH 7.5 (Allard et al., 2009; Fox et al.,
2009; Gallard et al., 2009). Humic substances, which con-
tain some electron acceptor sites, also act as oxidising
agents for iodide (Blodau et al., 2009; Keller et al., 2009).
Sheppard and Thibault (1992) described rapid loss of iodide
from solution in organic soils as a ﬁrst order reaction. How-
ever, they observed no evidence for speciﬁc bonding of io-
dide as the majority of iodide was found to be easily
desorbable by water within a few days indicating weak
retention in organic soils.
3.3. Phosphate extraction
Phosphate has been eﬀectively used as an extractant for
speciﬁcally adsorbed anions such as sulphate (Delfosse
et al., 2005), selenite (Stroud et al., 2010) and iodate (White-
head, 1973b). In this study extraction with 0.16 M KH2PO4
was used to determine the amount of 129IO3 and
129I ad-
sorbed on Fe/Mn oxides, implemented following KNO3
equilibration at selected sampling times. Across all soils, io-
dine spikes and temperatures, the total amount of phos-
phate-extractable 129I from spiked soils after 100 h was
very low, between 0.0015 mg kg1 (1%) and 0.014 mg kg1
(9%). The largest extractable concentrations were found
in subsoils with low organic matter contents (SB-AS
0.79% SOC, ST-AS 2.41% SOC, and SB-WS 1.66% SOC),
whereas the lowest levels of extractable 129I were in the or-
ganic-rich topsoils (SB-WT 10.1% SOC, ST-WT 5.93%
SOC, and ST-GT 8.39% SOC). Of the total 129I extracted,
the majority was inorganic iodine (129IO3 and
129I) for
most soils. In the higher pH arable subsoil (ST-AS pH
7.05) 90% of extracted iodine was inorganic with slightly
less in the lower pH arable subsoil (SB-AS pH 6.50). The
woodland topsoil with a relatively high pH value (ST-WT
pH 7.02) had the lowest proportion of inorganic iodine
(20–40% of extracted iodine), perhaps due to greater solu-
bility of humic acid at high pH. Over time the proportion
of inorganic iodine in the phosphate extraction decreased
for all soils as the 129I became progressively assimilated into
the organic pool.
In iodate-spiked soils, iodate (129IO3 ) was only detected
in phosphate extracts of the arable subsoils (SB-AS and ST-
AS), where it represented less than 3% of the initial spike
concentration. Crucially, this provides strong evidence that
the initial ‘instantaneous’ sorption seen for iodate-spiked
soils may not be inorganic adsorption of IO3 ions on Fe/
Mn oxides. Combining phosphate-extractable iodate con-
centrations with data from equilibration with 0.01 M
KNO3 enables calculation of IO

3 ion distribution coeﬃ-
cients (kd) for the arable subsoils. However, values of
kd(IO

3 ) were signiﬁcantly smaller than anticipated from
the proportion of added iodate immediately sorbed from
solution. Again, this indicates that oxide phases may be
of little importance in rapid adsorption of iodate. The over-
all trend seen in Fig. 1, EA-1 and EA-2 may arise simply
from rapid organic ﬁxation, until exhaustion of initially
Fig. 3. Modelling kinetics of (a) iodate and (b) iodide 129I sorption: box and whisker plots showing the distribution of residual standard
deviations (RSD; lg kg1) across nine contrasting soils for each of the nine models tested. The mean value (d) and outliers () are shown.
Iodine dynamics in soils 465available reduction capacity subsequently produces a
slower assimilation rate.
Whether 129I was added as either 129I or 129IO3 mea-
surable concentrations of phosphate-extractable iodide
(129I) were found (0.0025–0.01 mg kg1, 1.6–6.6%) in all
the soils. This suggests that iodide may be speciﬁcally ad-
sorbed to some extent (i.e. adsorbed in the presence of
0.01 M NO3 ) and is not a wholly conserved solute. It also
indicates, for the 129IO3 -spiked soils, that iodide may be an
intermediate in the overall process whereby iodate-iodine is
assimilated into humus.
3.4. TMAH extraction
Tetra methyl ammonium hydroxide (TMAH) has re-
cently been shown to extract quantitatively the total iodine
content from environmental samples e.g. soils, sediments,
plants, and food (Watts and Mitchell, 2009). Alkaline
extractants such as TMAH mobilise humic acids (and
org-I) by negative charge generation and may also causesome degree of hydrolysis of org-I compounds. In addition
TMAH releases iodate from speciﬁc sorption sites on Fe/Al
hydrous oxides by replacement with hydroxide ions and
negative charge generation on the oxide surface (Yamada
et al., 1996). One advantage of TMAH over inorganic
extractants such as NaOH or KOH is that high pH values
can be achieved without increasing the salt concentration of
the extraction solution and hence reducing the possibility of
precipitation in the ICP torch and nebuliser during analysis.
A single TMAH (10%) extraction was used as a ﬁnal
step for some samples, following phosphate extraction.
On average, total-129I extracted ranged from 0.109 to
0.129 mg kg1 (representing 73–86% recovery of the
0.15 mg kg1 spike). Recovery was generally slightly worse
in organic rich soils (e.g. 75–80% in ST-WT) and better in
those with lower organic matter contents (e.g. arable sub-
soils, SB-AS and ST-AS, 85–90%). The amount of total
129I extracted was unaﬀected by incubation temperature
or the iodine species used for initial spiking. Consequently
an exhaustive extraction procedure using three sequential
Fig. 4. Comparison of the measured loss from solution of a 0.15 mg kg1 129IO3 spike added to soils and incubated at 10 and 20 C with model predictions for that soil ﬁtted using a spherical
diﬀusion model with kd (Sph-Diﬀn + kd).
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Fig. 5. Comparison of the measured loss from solution of a 0.15 mg kg1 129I spike added to soils and incubated at 10 and 20 C with model predictions for that soil ﬁtted using a spherical
diﬀusion model with kd (Sph-Diﬀn + kd).
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soils (SB-WT and SB-AS) chosen to represent ‘end mem-
bers’ in terms of soil properties (pH and % SOC). This more
rigorous extraction produced c. 100% recovery of 129I
spikes and conﬁrms that loss of 129I from solution was
due to sorption on soil components rather than
volatilization.
3.5. Modelling 129I and 129IO3
Model parameters and residual standard deviations
(RSD) for individual model ﬁts are provided in Electronic
annexes EA-3 and EA-4 for iodate and iodide respectively.
Comparisons of how well individual models ﬁt for iodate
and iodide across all soils is shown in Fig. 3. For iodate,
models in which no instantaneous adsorption was allowed
(i.e. irreversible ﬁrst order (IFO), inﬁnite exponential
(ISE), reversible ﬁrst order (RFO) and parabolic diﬀusion)
gave a poorer ﬁt, with a greater range of RSD values, than
those that incorporated a kd value (Fig. 3a). The reversible
ﬁrst order + kd (RFO-kd), irreversible ﬁrst order + kd
(IFO-kd) and spherical diﬀusion + kd (Sph-Diﬀn-kd) mod-
els generated the best ﬁts and the smallest range of RSD
values across the soils. The Sph-Diﬀn-kd model gave mar-
ginally the lowest average RSD value overall (6.64 lg kg1
c.f. 6.68 lg kg1 for the IFO-kd model and 7.15 lg kg
1 for
the RFO-kd model). For iodide, with the exception of the
ISE and Par-Diﬀn models, all models generated a similar
average RSD value and the inﬂuence of instantaneous
adsorption and requirement for inclusion of kd in the model
was less clear. The reasons for this may be weaker adsorp-
tion of inorganic iodide on Fe/Mn oxides or a more
sustained reaction with SOC in which either generation of
intermediary iodine species is not limiting or diﬀusion into
humic aggregates is faster. Also important to note is that
the errors in the ﬁts of iodide models are likely to be greaterTable 4
Values of optimised soil coeﬃcients (kO, kpH, kC, kOx) for the single sphe
parameterised from the soil variables: pH, %SOC and %Ox.
Soil coeﬃcients 10 C incubation
kd; Eq. (12) p(D/r
2); Eq.
kO 0 4.13
kpH 0.814 0.0876
kC 38.4 0.181
kOx 419 0.253
Table 3
Residual standard deviations for the single spherical diﬀusion
model implemented with all soils simultaneously and parameterised
from the soil variables: pH, %SOC and %Ox.
Soil variables Number of model
coeﬃcients
RSD (mg kg1)
(102)
kO 4 1.98
kO, kpH 8 1.56
kO, kpH, kC 12 1.09
kpH, kC, kox 14 0.0850than those for iodate as the faster kinetics resulted in fewer
measured values being obtained and ﬁtted. The three iodide
sorption models that generated the lowest RSD values are
the same as those identiﬁed as most successful in ﬁtting io-
date data i.e. reversible ﬁrst order + kd (RFO-kd, average
RSD 13.5 lg kg1), irreversible ﬁrst order + kd (IFO-kd,
average RSD 13.6 lg kg1) and spherical diﬀusion + kd
(Sph-Diﬀn-kd, average RSD 14.2 lg kg
1) (Fig. 3b).
Reaction rate constants and distribution coeﬃcients (kd
values) calculated for all models are given in EA-1 and EA-
2 for iodate and iodide respectively. Comparison of the
reaction rate constants generated by the irreversible ﬁrst or-
der model for soils incubated at 20 C with those incubated
at 10 C showed that rates were on average 1.75 times high-
er at the higher temperature (Q10 = 1.75). The reaction
rates for both iodate and iodide were greatest in the acidic
woodland topsoil and subsoil (SB-WT and (SB-WS) and
lowest in the organic-poor, higher pH arable sub soil (SB-
AS) from the same location, but there was no clear correla-
tion with any individual soil property when reaction rates
for individual soils were compared. Reaction rates for io-
dide were typically greater than those of iodate with the half
life of iodide ranging from a minimum of 0.38 h (ST-WT,
20 C) to a maximum of 45 h (SB-AS, 10 C). Iodate half
lives were longer, between 9 h (SB-WT, 20 C) and 412 h
(SB-AS, 10 C). Modelled (optimised) kd values showed
that instantaneous adsorption was usually greater for io-
date than iodide.
The IFO-kd and RFO-kd models described iodate and
iodide reaction kinetics well, with the most important factor
in achieving a good ﬁt for iodate being the inclusion of a kd
value to allow for instantaneous adsorption occurring at
t = 0. By contrast, for iodide, these models were only
slightly better than those in which instantaneous adsorption
was not included. An Elovich modeling approach, typically
used to describe soil processes occurring across a range of
timescales, generated a good ﬁt for iodide but was less suc-
cessful for iodate. Overall the best model ﬁts to both iodate
and iodide were achieved using a spherical diﬀusion
approach. The success of the spherical diﬀusion model
(Sph-Diﬀn-kd) for iodate appears to conﬁrm its ability to
describe processes over a relatively wide range of times
(Altfelder and Streck, 2006). That it also worked well for io-
dide suggests that it is useful for describing faster reaction
kinetics as well. A comparison of modelled 129I and
129IO3 concentrations with experimentally measured con-
centrations for individual soils are shown in Figs. 4 and 5
as a function of time.rical diﬀusion model implemented with all soils simultaneously and
20 C incubation
(11) kd; Eq. (12) p(D/r
2); Eq. (11)
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Fig. 6. Iodate concentration in solution (mg kg1 soil) modelled
for all soils incubated at 10 C with a spherical diﬀusion model (Eq.
(8), Table 2). Model parameters (p(D/r2) and kd) were estimated
from the soil variables pH, %SOC and %Ox (Eqs. (11) and (12)).
The solid line is a 1:1 relation and the dashed lines represent a
displacement of one residual standard deviation (RSD).
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Fig. 7. Apparent activation energies (Ea, kJ mol
1) from spherical
diﬀusion model as a function of soil organic carbon content (%);
solid line represents the average value.
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variables
An attempt was made to describe iodate sorption by all
the soils based on a single spherical diﬀusion model param-
eterised from the soil variables: pH, soil organic carbon
concentration (%SOC) and combined Fe + Mn oxide con-
tent (% Ox). Thus, the two parameters in Eq. (8) (Table 2),
kd and D/r
2, were expressed as functions of pH, % SOC and
% Ox. The only apparent trends from ﬁts of Eq. (8) (Ta-
ble 2) to individual soils were a linear relationship between
p(D/r2) and % SOC and a weak exponential relation be-
tween kd and pH. For example, for incubations at 10 C:
p
D
r2
 
¼ 3:8 0:13ð%SOCÞ; r2 ¼ 0:67 ð9Þ
and
kd ¼ 17:0 expð0:28pHÞ; r2 ¼ 0:29 ð10Þ
The diﬀusion parameter, p(D/r2) was therefore expressed as
a linear function of the three soil variables and the distribu-
tion coeﬃcient (kd) as an exponential function of pH in
which the value of kd at pH = 0 was a linear function of
%SOC and %Ox:
p
D
r2
 
¼ kO þ kpHðpHÞ þ kCð%SOCÞ þ kOxð%OxÞ ð11Þ
kd ¼ ½kO þ kCð%SOCÞ þ kOxð%OxÞ expðkpHpHÞ ð12Þ
A single model ﬁt was made (simultaneously) to all soils
at each temperature (10 and 20 C). Four combinations of
the coeﬃcients (kO, kpH, kC and kOx) were tested, in the se-
quence listed, and overall values of RSD calculated (Ta-
ble 3). In Table 3 the number of model parameters
increases by four with each soil variable added because
both p(D/r2) and kd were calculated as dependencies of
the soil variables and the two temperature datasets are trea-
ted separately. Thus, with only kO implemented all the soils
at a given temperature are eﬀectively ascribed average val-
ues for p(D/r2) and kd in which case the model ﬁt was then
optimised with four ﬁtted coeﬃcients. The two model
parameters (p(D/r2) and kd) were also parameterised inde-
pendently, producing model coeﬃcient numbers between
4, 8, 12 and 16, but this produced broadly intermediate
RSD values. Sequential addition of pH, %SOC and %Ox
produced signiﬁcant model improvements (P < 0.001) in
all cases. However, the inclusion of %SOC and %Ox in
the calculation of kd value (Eq. (12)) does produce a poten-
tial instability in that it is possible to derive negative values
for distribution coeﬃcient at very large soil humus con-
tents. Also, it was found that kO applied to kd was reduced
to zero when both %SOC and %Ox were included as vari-
ables to give 14, rather than 16, as the number of model
coeﬃcients required to give the best ﬁt (Table 3). Table 4
shows the values of the soil coeﬃcients used to derive the
model parameters p(D/r2) and kd for each incubation tem-
perature (Eqs. (11) and (12)). For prediction of kd value, the
soil coeﬃcients are qualitatively in line with expectation in
that kd declined with pH (kpH is a negative exponential fac-
tor) and increases with Fe/Mn oxide content. This may
reinforce the suggestion that the rapid initial adsorptionof iodate is as an inorganic species on hydrous oxides. Sim-
ilarly, the negative values of kc (for calculation of kd values)
in Table 4 suggest that humus actually limits the initial
(instantaneous) adsorption of iodate – possibly through
competition for oxide sites and electrostatic repulsion of io-
dide and iodate anions. This agrees with the observation of
Dai et al. (2004) who observed iodate adsorption to be pos-
itively correlated with free iron oxide content of soils and
negatively correlated with soil organic matter content.
Fig. 6 shows the ﬁt of the soil-parameterised spherical
diﬀusion model to iodate sorption. The overall simulation
was reasonable across the range of soils examined with
most soils falling wholly within ±1 RSD of the 1:1 relation.
However, some individual soils produced systematic devia-
tion from the model trend. Thus, iodate persisted in solu-
tion in the SB-AS, a sandy arable subsoil with low soil
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Fig. 9. Mole ratio (106) of iodine to organic carbon as a
function of depth in woodland (4) and arable (s) soil proﬁles from
the Sutton Bonington site; solid lines are logarithmic ﬁts – i.e.
ln(ratio)=(depth-k1)/k2.
Fig. 8. Simulation of iodate sorption at 10 C, on a hypothetical soil using the parameterised spherical diﬀusion model. The proportion of
iodate remaining in solution is shown (a) for a range of soil pH values assuming 1% SOC and 5% Fe oxide (b) for a range of SOC
concentrations at pH 7 and 5% Fe oxide and (c) for a range of Fe oxide contents at 1% SOC and pH 7.
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by the model (at low iodate concentrations). The grassland
topsoil from the same site showed the reverse trend with
more rapid sorption from solution than predicted.
Apparent activation energies (Ea, kJ mol
1) for each soil
were determined from the intercept of a plot ln(D/r2)
against T1. The average value for eight of the soils was
42.7 ± 3.4 kJ mol1 with no signiﬁcant relationship with
%SOC (Fig. 7), or soil pH value. The acidic woodland top-
soil from Sutton Bonington (SB-WT), had extremely rapid
reaction kinetics which showed very little temperature-
dependence (Ea  zero). Sparks (1989) presents approxi-
mate ranges for activation energies associated with diﬀerent
soil reaction–diﬀusion processes. Thus, a value for Ea just
over 40 kJ mol1 suggests a reaction process which is
slower than simple pore diﬀusion (Ea  20–40 kJ mol1)
or physical adsorption (8–25 kJ mol1) but at the lower
end of surface reaction mechanisms.
The overall inﬂuence of soil characteristics (pH and SOC
content) on the pattern of iodate sorption is illustrated in
Fig. 8 for a ‘model’ soil with variable pH (a), %SOC (b)
and Fe oxide content (c). Fig. 8a mainly shows the eﬀect
of soil pH value (pH 4–8) on the instantaneous sorption
of iodate; whether this is through rapid reduction of iodine
to organic forms or adsorption of IO3 on Fe/Mn oxides re-
mains unresolved. By contrast, Fig. 8b shows that the pri-
mary inﬂuence of SOC content (at ﬁxed pH) is to control
the rate of the time-dependent sorption process, with only
a minor eﬀect on the level of instantaneous iodine sorption.
Finally, increasing the Fe oxide content in the soil (Fig. 8c)
causes a greater initial loss of soluble iodate but also ap-
pears to delay the conversion of iodate to organic iodine
forms. Taken together, the model output presented in
Fig. 8a–c present a pattern that is compellingly consistent
with initial (inorganic) IO3 adsorption on (Fe) oxides, fol-
lowed by progressive transfer to organic forms, and with
longer retention of inorganic iodate in soils with larger Fe
oxide content. However, as discussed previously, this is
contradicted by poor recovery of inorganic iodate by
extraction with phosphate (Section 3.3) suggesting only
minor retention as inorganic IO3 in most soils.The main source of iodine in soil is rainfall. The extent
to which iodine in rainfall is retained by a soil will therefore
depend not only on soil properties but also on factors
including (i) distance from the ocean and therefore iodine
concentration in the rain, (ii) the speciation of iodine in
the rainfall, (iii) the timing, duration and intensity of the
rainfall, (iv) whether the soil is dry or wet before a rainfall
event, (v) the extent to which the rainfall inﬁltrates or
drains from a soil, which is dependent upon both the soil
texture and its management and soil temperature. Uptake
by plant roots and microbial processing of the iodine may
also be factors (see e.g. Whitehead, 1975). Iodine concentra-
tion in rainfall is reported to be in the range of 0.5–5 lg L1
(e.g. Truesdale and Jones, 1996; Neal et al., 2007; Hou
et al., 2009) but there is little agreement on the mix of spe-
cies present with I, IO3 and organic iodine all reported as
‘major species’, the relative proportions of each varying
with location (e.g. Gilfedder et al., 2007a,b; Yoshida
Iodine dynamics in soils 471et al., 2007). Low intensity rainfall will inﬁltrate the soil
more easily than high intensity rainfall which ‘seals’ the sur-
face of the soil increasing run-oﬀ. Coarse textured (e.g. san-
dy) soils will allow easier inﬁltration (>50 mm h1) but will
also drain completely within a few hours whereas a ﬁne tex-
tured (e.g. clayey) soil allows less inﬁltration (<15 mm h1)
and will take 2–3 days to drain. For a shallow sandy soil
with low organic matter content and a saturated hydraulic
conductivity (Ksat) of 10 mm h1 it is possible that during
a period of intense rainfall over several hours a substantial
proportion of rainfall iodine input may be lost from the
topsoil. Under typical rainfall conditions however, the rate
of iodine reactions in the topsoil are suﬃciently rapid for
the majority of the iodine to be retained in this layer.
Fig. 9 shows retention of iodine in the soil proﬁles at Sutton
Bonington woodland and arable sites where measured
iodine:carbon (I:C) ratios in soil are plotted as a function
of depth. The I:C ratio increases with depth for both soils
demonstrating that whilst the majority of iodine is retained
in the top soil the smaller amounts of humus present at
depth have a high iodine concentration compared to the
more abundant organic matter in the topsoil. Thus iodine
moving beyond the topsoil during rainfall or drainage
events appears to be eﬀectively retained in the deeper soil
horizons by the substantial adsorption capacity provided
by relatively small amounts of humus. The capacity of top-
soil and subsoil to eﬀectively scavenge iodine from drainage
water is supported by the low concentrations of iodine (typ-
ically <5 lg L1) reported in river waters and the observa-
tion that iodine speciation in freshwater tends to be
dominated by organic forms (e.g. Reifenhauser and
Heumann, 1990).
4. CONCLUSIONS
This study demonstrates that iodine added to soil is rapi-
dly transformed from inorganic to organic forms, both in
solution (DOC) and in the solid phase. Transformation of
inorganic iodine into organic forms occurs rapidly in the
soil solution and the rate of loss of iodine from the soil solu-
tion is dependent upon its speciation, with iodide being lost
more rapidly (minutes-hours) than iodate (hours–days)
especially in high organic matter soils. The ultimate fate
of iodine added to soil appears to be incorporation into so-
lid phase humus via formation of intermediates e.g. HOI or
I2. Abiotic reduction of IO

3 , or oxidation of I
 by solid or
aqueous organic matter are likely to be the main mecha-
nisms by which these intermediates are formed as the reac-
tion rates observed appear to be too fast for biological
processes to play a signiﬁcant role. Soil pH acts mainly
on the initial adsorption of iodate while soil humus appears
to control time-dependent sorption. However, phosphate
extraction data appears to show that inorganic adsorption
of iodide and iodate plays only a minor, and transient, role
in retention of iodine in soils. Rates of iodine loss are great-
er at higher temperatures with the rate almost doubling as
temperatures increase from 10 to 20 C. Using a spherical
diﬀusion modelling approach with instantaneous adsorp-
tion, that has been optimised across all the studied soils
for iodate and iodide, this work demonstrates that it is pos-sible to predict iodine transformations in soil as a function
of pH, soil organic carbon content, oxide content and
temperature.
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